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Abstract
We investigate the parity-violating nucleon-nucleon potential as obtained in chiral effec-
tive field theory. By using resonance saturation we compare the chiral potential to the more
traditional one-meson exchange potential. In particular, we show how parameters appearing
in the different approaches can be compared with each other and demonstrate that anal-
yses of parity violation in proton-proton scattering within the different approaches are in
good agreement. In the second part of this work, we extend the parity-violating potential to
next-to-next-to-leading order. We show that generally it includes both one-pion- and two-
pion-exchange corrections, but the former play no significant role. The two-pion-exchange
corrections depend on five new low-energy constants which only become important if the
leading-order weak pion-nucleon constant hpi turns out to be very small.
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1 Introduction
Despite decades of experimental and theoretical effort hadronic flavor-conserving parity (P )
violation is still not well understood. At low energies, the Standard Model Lagrangian contains
parity-violating (/P ) four-fermion operators which arise when the heavy weak bosons decouple.
The charged-current operators lead to beta-decay of leptons, neutrons, and nuclei, while the
neutral-current operators give rise to, among other processes, neutrino-nucleus scattering and
/P hadronic interactions. A satisfying description of the latter is currently missing, a problem
which is mainly caused by the breakdown of perturbation theory at low energies and the high
experimental accuracy required to measure parity-violating observables in hadronic and nuclear
systems.
Hadronic P violation has so far only been measured in a handful of processes while upper
bounds have been obtained in other experiments. Finite signals were obtained for several energies
in proton-proton (pp) [1, 2, 3] and pα scattering [4, 5], radiative decays of 19F [6, 7], and the
anapole moment of the Cesium atom [8]. Strong upper bounds are found for np capture [9, 10],
radiative decays of 18F [11, 12], and several other observables. For recent reviews we refer to
Refs. [13, 14].
In order to interpret the data, P violation in hadronic systems has often been parametrized
by a one-meson exchange model. In this model, usually called the DDH model after the authors
of Ref. [15], P violation is induced by the exchange of a single pion, ρ-, or ω-meson between
two nucleons. The resulting /P nucleon-nucleon (NN) potential depends on seven weak meson-
nucleon coupling constants and can be combined with phenomenological P -even NN potentials
to calculate /P observables.
A more systematic description of hadronic P violation can be obtained by using chiral effective
field theory (χEFT), the low-energy effective field theory (EFT) of QCD. χEFT allows for the
systematic construction of the interactions among pions and nucleons and, in principle, heavier
baryons. For reviews on χEFT, see e.g. Refs. [16, 17, 18]. At leading order (LO) the Lagrangian
consists of a single /P pion-nucleon interaction with coupling constant hpi [19] which induces, in
combination with the standard pseudovector P -even pion-nucleon interaction, the LO /P NN
potential. At next-to-leading order (NLO), the Lagrangian consists of five additional /P NN
contact interactions [20, 21, 22, 23, 24] which give rise to a short-range /P potential. At the same
order, two-pion-exchange (TPE) contributions to the potential appear which, just as the LO
potential, depend solely on hpi [23, 25].
The application of χEFT to describe hadronic P violation has a few advantages over the
more traditional DDH model. First of all, there is a clear link to the underlying theory, i.e.,
QCD supplemented with /P four-quark operators. Second, the χEFT approach makes it possible
to calculate the P -even and -odd NN potentials within the same framework. The resulting
potentials can then be treated on the same footing. This allows, for example, for the systematic
variation of the cut-offs appearing in the solution of scattering equations which gives an estimate
of the theoretical errors in the calculation [26, 27]. Third, the chiral Lagrangian can be improved
by going to higher orders in the expansion. In fact, in this paper we study next-to-next-to-
leading-order (N2LO) corrections to the /P potential. Fourth, the chiral approach can be extended
to other systems, such as reactions with more than two nucleons [27, 28, 29], or processes
involving photons [20, 21, 22]. The latter require the calculation of /P currents. These currents
can be evaluated within the same framework as the potential, something which is not possible
in the DDH model where the currents need to be modeled separately.
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The task is then to use the /P potential to calculate /P effects in processes such asNN scattering,
nuclear break-up or capture reactions, and nuclear anapole moments. By comparison with data,
the /P low-energy constants (LECs) can be extracted. The values of the LECs can then be
used to predict other processes. In addition, the extracted values can be compared with model
[15, 30, 31, 32, 33] and lattice calculations [34] of the LECs, which provides a handle to judge
various calculational methods.
Most works have used the DDH potential instead of the chiral effective potential. It would
therefore be useful to be able to compare results obtained using the two potentials. At very low
energies all mesons can be integrated out and both approaches collapse to a potential consisting
of /P contact interactions between nucleons. In this energy range, the two approaches become
identical and the different LECs can be easily compared [35, 36]. At higher energies, the heavier
mesons can still be integrated out, but the pion becomes dynamical which makes the comparison
more complicated. Both the chiral effective and the DDH potential contain a one-pion-exchange
contribution proportional to hpi, but the chiral potential contains also TPE corrections which
need to be taken into account. In this work we use resonance saturation techniques [37, 38] to
derive a dictionary between the two approaches.
The experimental upper bounds on P violation in np capture [9, 10] and γ-ray emission of
18F [11, 12], set a rather strong bound on the size of hpi. Such a small value was also found in
several model estimates [31, 33] and recently by the first lattice-QCD calculation [34]. In recent
work [26], we have investigated whether this smallness of hpi is consistent with data on the
longitudinal analyzing power (LAP) in pp scattering. The LO /P potential does not contribute
to pp scattering, however, via the NLO TPE contributions, there is still a dependence on hpi.
Unfortunately, the lack of data forced us to adopt a rather large allowed range of hpi and we
could neither confirm nor rule out the small values of hpi. This conclusion was confirmed in
Ref. [27]. Additional data is needed to make statements about the size of hpi.
The suggested smallness of hpi implies that higher-order corrections to the /P NN potential
might be relevant. In this work, we investigate these corrections by calculating, for the first
time, the /P potential up to next-to-next-to-leading order (N2LO). We study the size of these
corrections by calculating their contributions to the pp longitudinal analyzing power. If future
data cannot be fitted by the six LECs appearing in the NLO potential, it might be that the
N2LO corrections need to be taken into account.
This paper is divided into two main parts. In Sec. 2 we review the NLO /P chiral potential
and the DDH potential. We use resonance saturation techniques to express the LECs appearing
in the chiral potential in terms of the DDH parameters. Some details are given in Appendix A.
We then compare the two different frameworks using data on pp LAP. The second part of
the paper starts in Sec. 3 where we, motivated by the possible smallness of hpi, calculate the
N2LO corrections to the /P potential. We study the size of these corrections by calculating their
contributions to the pp LAP. We conclude in Sect. 4.
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2 The parity-odd nucleon-nucleon potential in different frame-
works
2.1 The chiral parity-odd potential up to next-to-leading order
At leading order (LO) in the power counting, the only term appearing in the chiral Lagrangian
is the weak pion-nucleon vertex
L/P =
hpi√
2
N¯(~pi × ~τ)3N , (1)
proportional to the LEC hpi [19]. In this expression, N = (p, n)
t denotes the nucleon isospin-
doublet, ~pi the pion isospin-triplet, and ~τ the isospin Pauli matrices. Together with the usual
pseudovector P -conserving pion-nucleon interaction, the LO /P OPE potential follows as
VOPE = − gAhpi
2
√
2Fpi
i(~τ1 × ~τ2)3 (~σ1 + ~σ2) · ~q
m2pi + q
2
, (2)
in terms of the nucleon spin ~σ1,2 and the momentum transfer flowing from nucleon 1 to nucleon
2: ~q = ~p − ~p ′ (q = |~q |), where ±~p and ±~p ′ are the momenta of the incoming and outgoing
nucleons in the center-of-mass frame. Other parameters appearing in Eq. (2) are the pion decay
constant Fpi = 92.4 MeV, the charged pion-mass mpi = 139.57 MeV, and the nucleon axial-vector
coupling constant gA = 1.29 (taking into account the Goldberger-Treiman discrepancy). The
LO OPE potential changes the total isospin of the interacting nucleon pair and, at low energies,
dominantly contributes to the 3S1 ↔ 3P1 transition. The isospin change ensures that the LO
potential vanishes for pp and nn scattering.
At NLO the number of LECs proliferates. First of all, NN short-range contact interactions
appear. These can be parametrized in many ways [24] and we choose the following form for the
associated potential
VCT =
C0
FpiΛ2χ
(~σ1 − ~σ2) · (~p+ ~p ′)
+
1
FpiΛ2χ
(
C1 + C2
(~τ1 + ~τ2)
3
2
+ C3
~τ1 · ~τ2 − 3τ31 τ32
2
)
i(~σ1 × ~σ2) · ~q
+
C4
FpiΛ2χ
i(~τ1 × ~τ2)3(~σ1 + ~σ2) · ~q , (3)
where the factor (FpiΛ
2
χ)
−1 (with Λχ = 1 GeV) is inserted to make the couplings Ci dimensionless.
In addition it ensures that the naive dimensional estimates1 of hpi and Ci are of the same size
hpi ∼ Ci ∼ O(GFFpiΛχ) ∼ 10−6 . (4)
The contact part of the potential contains five independent LECs which can be understood from
the fact that five different S ↔ P transitions are possible.
Two-pion-exchange (TPE) diagrams appear at this order as well. These diagrams involve LO
vertices only, that is hpi for the /P vertex and gA or the Weinberg-Tomazawa interaction for the
1More detailed estimates which take into account factors of the Weinberg angle and strangeness effects can be
found in Ref. [19].
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P -conserving vertices. The relevant diagrams have been calculated several times [23, 25] and
here we give the results using spectral function regularization [39, 26]
VTPE(q,ΛS) = − gAhpi
2
√
2Fpi
1
(4piFpi)2
i(~τ1 × ~τ2)3(~σ1 + ~σ2) · ~q
(
g2A
8m2pi + 3q
2
ω2
− 1
)
L(q,ΛS)
+
g3Ahpi
2
√
2Fpi
4
(4piFpi)2
i(~τ1 + ~τ2)
3(~σ1 × ~σ2) · ~q L(q,ΛS) , (5)
in terms of the loop functions
L(q,ΛS) =
ω
2q
log
Λ2Sω
2 + q2s2 + 2ΛSsωq
4m2pi(Λ
2
S + q
2)
, ω =
√
q2 + 4m2pi , s =
√
Λ2S − 4m2pi . (6)
The contact interactions and TPE diagrams complete the potential up to NLO. In principle,
one might expect additional contributions via corrections to the OPE potential. However, such
corrections can either be absorbed into the LO LECs, vanish, or appear at higher order.
2.2 The DDH potential
Historically, the most frequently applied approach to hadronic P violation is the one-meson
exchange model (often called the DDH model, after the authors of Ref. [15]). In this model, P
violation is induced due to the exchange of a single pion, ρ-, or ω-meson. The exchange of a pion
in the DDH model gives rise to the same potential2 as Eq. (2). The /P potential in momentum
space due to the exchange of the heavier mesons is given by
VDDH =
{
− gρ
mN
[
~τ1 · ~τ2 h0ρ +
(~τ1 + ~τ2)
3
2
h1ρ +
3τ31 τ
3
2 − ~τ1 · ~τ2
2
√
6
h2ρ
]
fρ(q
2)
− gω
mN
[
h0ω +
(~τ1 + ~τ2)
3
2
h1ω
]
fω(q
2)
}
(~σ1 − ~σ2) · (~p+ ~p ′)
+
{
gρ(1 + χV )
mN
[
~τ1 · ~τ2 h0ρ +
(~τ1 + ~τ2)
3
2
h1ρ +
3τ31 τ
3
2 − ~τ1 · ~τ2
2
√
6
h2ρ
]
fρ(q
2)
+
gω(1 + χS)
mN
[
h0ω +
(~τ1 + ~τ2)
3
2
h1ω
]
fω(q
2)
}
i(~σ1 × ~σ2) · ~q
+
[
gρh
1
ρ
mN
fρ(q
2)− gωh
1
ω
mN
fω(q
2)
]
(~τ1 − ~τ2)3
2
(~σ1 + ~σ2) · (~p+ ~p ′)
+
[
gρh
1 ′
ρ
2mN
fρ(q
2)
]
i(~τ1 × ~τ2)3(~σ1 + ~σ2) · ~q , (7)
in terms of the P -even vertices3 gω = 8.4, gρ = 2.8, χS = −0.12, and χV = 3.70, six /P meson-
nucleon couplings h0,1,2ρ , h1 ′ρ , and h
0,1
ω , and the one-meson exchange functions
fρ(q
2) =
1
m2ρ + q
2
cρ(q
2,Λρ) , fω(q
2) =
1
m2ω + q
2
cω(q
2,Λω) , (8)
2Note that sometimes a regulator function (similar to those in Eq. (9)) is applied to the OPE potential in the
DDH framework.
3Sometimes different values for the strong couplings are used which affects the extraction of the /P parameters,
see the discussion in Ref. [13]
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Coupling DDH ‘best’ value DDH range KMW
hpi 4.6 · 10−7 (0.0→ 11) · 10−7 1.0 · 10−7
h0ρ −11.4 · 10−7 (−31→ 11) · 10−7 −1.9 · 10−7
h1ρ −0.19 · 10−7 (−0.4→ 0.0) · 10−7 −0.02 · 10−7
h2ρ −9.5 · 10−7 (−11→ −7.6) · 10−7 −3.8 · 10−7
h1 ′ρ 0 0 −2.2 · 10−7
h0ω −1.9 · 10−7 (−10→ 5.7) · 10−7 −1.1 · 10−7
h1ω −1.1 · 10−7 (−1.9→ −0.8) · 10−7 −1.0 · 10−7
Table 1: Estimates of the DDH coupling constants. The first and second columns denote, respectively,
the ‘best’ values and reasonable range obtained in Ref. [15] using SU(6) symmetry arguments and the
quark model. The third column denotes values obtained in Ref. [31] using a non-linear chiral Lagrangian
and a soliton description of the nucleon. The value of hpi in the third column is from Ref. [33] which
updated the result of Ref. [31].
where mρ ' mω ' 780 MeV are, respectively, the masses of the ρ- and ω-meson. The functions
cρ and cω are cut-off functions which regulate the potentials. They are, however, not always
applied and also their form can vary. We will use the following regulator functions which were
used, for example, in Ref. [40]
cρ,ω(q
2,Λρ,ω) =
(
Λ2ρ,ω −m2ρ,ω
Λ2ρ,ω + q
2
)2
, (9)
in terms of the cut-off masses Λρ and Λω.
The weak couplings appearing in the potential need to be fitted to data or, in absence of
sufficient data, estimated in theoretical models. Several estimates exist in the literature and
in Table 1 we give the two sets of estimates obtained in Refs. [15, 31, 33]. The first column
denotes the ‘best’ values obtained in Ref. [15] while the second column shows the reasonable
range of these parameters [15]. The third column corresponds to values obtained in Refs. [31, 33].
The difference between the first and third columns reflects the significant uncertainty of these
estimations. Other sets of predictions can be found in, for example, Refs. [30, 32].
2.3 Comparing the potentials
Most calculations in the literature have applied the DDH potential instead of the chiral EFT
potential. It would therefore be useful to compare the parameters appearing in the different
frameworks. It was already noted (see, for example, Ref. [13]) that at sufficiently low energy,
the /P potential is effectively saturated by S ↔ P transitions. In this limit, the DDH potential
collapses into a potential consisting of five independent contact interactions (one for each S ↔ P
transition). The resulting potential is identical to the pionless EFT potential given in Refs. [24,
35].
If the energy is increased somewhat, the heavier mesons can still be integrated out, but the
pion becomes dynamical. In this limit, the DDH potential consists of OPE supplemented by
five effective contact interactions. The OPE in the DDH potential4 is the same as the OPE in
4It should be noted that if a regulator function is applied to the OPE part of the DDH potential then an
additional term would appear on the right-hand side of the relation for C4 given below.
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LEC DDH ‘best’ value DDH range KMW
C0 4.7 · 10−6 (−5.0→ 13) · 10−6 0.89 · 10−6
C1 1.2 · 10−6 (−2.5→ 4.5) · 10−6 0.11 · 10−6
C2 −2.2 · 10−6 (−5.0→ −0.2) · 10−6 −0.66 · 10−6
C3 1.0 · 10−6 (0.8→ 1.2) · 10−6 0.41 · 10−6
C4 0.25 · 10−6 (−0.1→ 0.7) · 10−6 −0.049 · 10−6
Table 2: Predictions of the LECs Ci using the resonance saturation relations in Eqs. (10) and (11) and
the estimates of the DDH couplings in Table 1.
the LO EFT (see Eq. (2)), while the five effective DDH contact interactions match onto the
five interactions in Eq. (3). By comparing the S ↔ P transitions in the two frameworks, the
following relations are obtained
C0 + C1
FpiΛ2χ
∼ 1
mN
[
gωh
0
ωχS
m2ω
cω(0,Λω)−
3gρh
0
ρχV
m2ρ
cρ(0,Λρ)
]
,
−C0 + C1
FpiΛ2χ
∼ 1
mN
[
gωh
0
ω(2 + χS)
m2ω
cω(0,Λω) +
gρh
0
ρ(2 + χV )
m2ρ
cρ(0,Λρ)
]
,
C2
FpiΛ2χ
∼ 1
mN
[
gωh
1
ω(2 + χS)
m2ω
cω(0,Λω) +
gρh
1
ρ(2 + χV )
m2ρ
cρ(0,Λρ)
]
,
C3
FpiΛ2χ
∼ − 1
mN
gρh
2
ρ(2 + χV )√
6m2ρ
cρ(0,Λρ) ,
C4
FpiΛ2χ
∼ 1
2mN
[
gωh
1
ω
m2ω
cω(0,Λω) +
gρ(h
1 ′
ρ − h1ρ)
m2ρ
cρ(0,Λρ)
]
. (10)
However, this is not the whole story. In the comparison of the EFT contact LECs with
the DDH parameters, we have neglected the TPE contributions in Eq. (5). As discussed in
Refs. [37, 38] these TPE contributions need to be taken into account for a sensible comparison
with the one-meson exchange model. To do so, we expand the TPE functions in powers of
q2, keeping the terms that connect S- and P -waves. Due to the TPE diagrams the relations
connecting the DDH parameters and the contact terms are altered, with the LECs C2 and C4
in Eq. (10) shifting into
C2
FpiΛ2χ
→ C2
FpiΛ2χ
+
g3Ahpi
2
√
2Fpi
8
(4piFpi)2
√
Λ2S − 4m2pi
ΛS
,
C4
FpiΛ2χ
→ C4
FpiΛ2χ
− gAhpi
2
√
2Fpi
(2g2A − 1)
(4piFpi)2
√
Λ2S − 4m2pi
ΛS
. (11)
We are now in the position to compare the LECs appearing in both approaches. First of all,
we can predict the values of the LECs Ci using the estimates of the DDH coupling constants
in Table 1. These predicted values5 are given in Table 2. By dimensional analysis we expect
5To obtain these values of Ci we have removed the cut-offs in the DDH potentials by setting cρ,ω = 1 in
6
roughly Ci ∼ 10−6 and most of the predicted LECs are indeed of this natural size. The main
exception is C4 which is smaller by an order of magnitude than C2 in both sets of predictions,
even though both are ∆I = 1 operators. We do not have a good explanation for this effect
and it would be interesting to see if C4 really takes such a small value in nature. However, the
extraction of C4 from data might be difficult because C4 contributes to the same channels as the
LO OPE potential which will, most likely, swamp the contributions from C4. A possible way to
extract C4 would then be to measure an observable sensitive to OPE at several energies. C4 can
then be disentangled from hpi by using the different energy dependence of the contributions.
The pp LAP has been calculated in both approaches [26, 40] and it is interesting to compare
the analyses. The LAP is defined as the difference in cross section between an unpolarized target
and a beam of positive and negative helicity, normalized to the sum of these cross sections. The
pp LAP has been measured for several beam energies (13.6, 45, and 221 MeV lab-energy [1, 2, 3]).
In Ref. [26] this observable was calculated using the N3LO chiral effective P -even potential [41] in
combination with the NLO /P potential (i.e. Eqs. (3) and (5)). The LO /P potential, and thus also
C4, does not contribute to the pp LAP. Because only one combination of the contact interactions
appears in pp scattering, this particular combination was abbreviated as C = −C0+C1+C2−C3
in Ref. [26]. The only other /P LEC which appears up to NLO is the weak pion-nucleon coupling
constant hpi. The two LECs were fitted to data in Ref. [26]. The same data was analyzed in
Ref. [40] in order to fit the two combinations of DDH parameters which contribute to the pp
LAP. This analysis was slightly altered in Ref. [13] because the authors Ref. [40] uses CD-Bonn
strong couplings instead of the strong parameters normally used in the DDH potential.
At low energies the pp LAP depends dominantly on the 1S0 ↔ 3P0 transition. The above
analysis tells us that the following combination of LECs should be compared
C
FpiΛ2χ
+
g3Ahpi
2
√
2Fpi
8
(4piFpi)2
s
ΛS
∼ 1
mN
[
gω(2 + χS)
m2ω
hppω cω(0,Λω) +
gρ(2 + χV )
m2ρ
hppρ cρ(0,Λρ)
]
, (12)
with hppω = h0ω + h
1
ω and h
pp
ρ = h0ρ + h
1
ρ + h
2
ρ/
√
6. The spectral cut-off ΛS was varied
6 between
500 and 700 MeV in Ref. [26] while Ref. [40] used Λω = 1.50 GeV and Λρ = 1.31 GeV.
The allowed range for C and hpi is depicted by the black ellipse in Fig. 1 corresponding to
a contour of a total χ2 = 2.71 and ΛS = 600 MeV [26]. A very similar range was found in
Ref. [27]. Refs. [13, 40] found that hppω and h
pp
ρ are linearly correlated and, at 90% confidence
level, vary between
− 66 · 10−7 ≤ hppρ ≤ −18 · 10−7 , +40 · 10−7 ≥ hppω ≥ −10 · 10−7 . (13)
By using Eq. (12), the allowed range for the DDH parameters can be translated into a range
for the LECs C and hpi. This range is depicted by the blue dashed lines in Fig. 1. The analyses
are in good agreement as indicated by the significant overlap of the ellipse and the band. For
comparison, we have used Eq. (12) and the predictions of the weak DDH couplings in Table 1 to
obtain a prediction for the EFT contact LEC C. The result is denoted by the brown solid (DDH
‘best’ values) and green dashed (KMW values) circles in Fig. 1. Both predictions fall somewhat
outside the allowed range, but it should be noted that the theoretical uncertainties of these model
Eq. (10). Including the DDH cut-offs with Λω = 1.50 GeV and Λρ = 1.31 GeV would reduce the predicted values
by at most a factor 2, depending on the Ci under investigation. For the spectral cut-off appearing in Eq. (11) we
have used ΛS = 600 MeV.
6The results in Ref. [26] were cut-off independent to a large degree.
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C
Figure 1: Allowed ranges for the LECs hpi and C (both in units of 10
−6) as obtained in different
approaches from the data on the longitudinal analyzing power in pp scattering. The black (solid)
ellipse denotes a contour of total χ2 = 2.71 (χ2min ' 0.75 for 1 d.o.f.) obtained in Ref. [26]. The
blue (dashed) and red (dotted) lines are results obtained in the DDH model in Refs. [40, 13]
translated to values of hpi and C using resonance saturation. The brown (solid) and green
(dotted) circles are, respectively, the DDH ‘best’ value and the values obtained for the weak
couplings in Refs. [31, 33].
predictions are significant. In order to keep the plot clear we have not included the contour of
the DDH reasonable range. This contour would roughly cover a range −17·10−6 < C < 3.5·10−6
for 0 < hpi < 1.1 · 10−6 and thus overlaps with the fitted values of the LECs.
So far we have only considered S ↔ P transitions. In many observables (including the pp
LAP) higher-partial wave transitions play a role as well. The description of these transitions is
quite different in the EFT and DDH potentials. For example, up to NLO in the EFT potential
P ↔ D transitions depend solely on hpi via OPE and TPE diagrams. In the DDH framework
OPE is also present, but in addition all terms in Eq. (7) contribute to P ↔ D transitions as well.
P ↔ D transitions therefore depend on more DDH parameters than just hpi. In pp scattering,
the only relevant transition is 3P2 ↔ 1D2 which means that the following combination of LECs
should be compared
− g
3
Ahpi√
2Fpi
1
(4piFpi)2m2pi
(
Λ2S − 4m2pi
Λ2S
)3/2
∼ 3
mN
[
gωχS
m4ω
hppω c
′
ω +
gρχV
m4ρ
hppρ c
′
ρ
]
, (14)
in terms of the functions
c′ρ,ω = 1−
3m4ρ,ω
Λ4ρ,ω
+
2m6ρ,ω
Λ6ρ,ω
. (15)
Relations for other P ↔ D transitions can be found in Appendix A.
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An allowed range for hpi can now be extracted by inserting Eq. (13) into Eq. (14). This range
is indicated by the red dotted lines in Fig. 1. The central values for hpi agree well between the
methods, but the range allowed in the EFT framework is larger. The difference might be related
to the so-called ‘crossing points’ discussed in Ref. [26], which limited the discriminating power
of the fits with respect to hpi. Nevertheless, we conclude that the analyses of the pp data in
Refs. [40, 13] in the DDH model and Refs. [26, 27] using chiral potentials are in good agreement.
3 The next-to-next-to-leading-order parity-violating potential
The chiral NLO /P potential depends on six LECs consisting of the weak pion-nucleon coupling
hpi and five contact LECs Ci. The five possible S ↔ P transitions depend on all six LECs, but,
because of the short-range nature of the contact interactions, higher partial-wave transitions
depend solely on hpi. Theoretical calculations show that hpi might be very small [31, 33, 34],
something which is also indicated by the data on 18F gamma-ray emission [11, 12]
|hpi| < 1.3 · 10−7 . (16)
This possible smallness implies that higher /P partial-wave transitions7 might obtain important,
or even dominant, contributions from higher-order corrections involving additional LECs. It
might therefore be necessary to include these higher-order corrections in the analysis of future
experimental results. Here we extend the calculation of the /P NN potential up to N2LO and
study the corrections appearing at this order. We start by listing the new operators that need
to be taken into account.
3.1 The next-to-next-to-leading-order Lagrangian
If we increase the chiral index by one, several new interactions start playing a role. We present
these interactions here and afterwards discuss how they contribute to the /P potential. First of
all, we require the well-known P -even corrections to the pipiN -vertex [42]
LpipiN = m2pi
(
4c1 − 2c1~pi
2
F 2pi
)
N¯N +
c2
F 2pi
(v · ∂~pi)2N¯N + c3
F 2pi
(∂µ~pi)
2N¯N
+
c4
F 2pi
αβµνvα
abc(∂µpi
a)(∂νpi
b)N¯Sβτ
cN + . . . , (17)
in terms of the completely antisymmetric tensor αβµν (0123 = +1) and the nucleon velocity
vµ = (1,~0)t and spin Sµ = (0, ~σ/2)t in the nucleon rest frame. Here and in the following
equations the dots denote operators containing more pions which are related by chiral symmetry.
Such terms only contribute to the potential at higher order than considered here and therefore
we do not write them explicitly.
Next we list the required additional /P interactions. A complete set of operators was recently
constructed in Ref. [27], but most operators do not contribute to the N2LO potential, and here
we only require a much smaller set. Three pion-nucleon vertices appear with one derivative [19]
L/P = hv0(v · ∂~pi) · N¯~τN + hv1(v · ∂pi3)N¯N + hv2(v · ∂pi3)N¯τ3N + · · · . (18)
7Additional contribution to S ↔ P transitions are most likely swamped by the contact LECs Ci which are not
expected to be small.
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With two derivatives, a few more interactions can be written. First we consider recoil corrections
to the vertices in Eq. (18)
L/P =
hv0
2mN
(∂µ~pi) · N¯i(∂µ − ∂†µ)~τN +
hv1
2mN
(∂µpi
3)N¯i(∂µ − ∂†µ)N
+
hv2
2mN
(∂µpi
3)N¯i(∂µ − ∂†µ)τ3N . (19)
Two terms appear with new LECs
L/P =
h
(2)
pi√
2
N¯(∂2~pi × ~τ)3N + hmm
2
pi√
2
N¯(~pi × ~τ)3N , (20)
where the second term emerges due to an insertion of the quark mass. In addition, we require
the following two /P pipiNN vertices [19] containing one derivative
L/P =
hpipi1
Fpi
(~pi × ∂~pi)3N¯SµN + h
pipi
2
Fpi
[
∂µpi
3N¯(~pi × ~τ)3SµN + (~pi × ∂µ~pi)3N¯Sµτ3N
]
. (21)
Finally, at this order the first /P three-pion vertex appears [27]
L/P = ∆pi(~pi × ∂µ~pi)3∂µpi3 . (22)
Additional /P NN contact interactions do not appear. Such terms would induce P ↔ D-
transitions and require two more derivatives than the interactions in Eq. (3). Consequently,
they first appear at N3LO and can be neglected.
We conclude that, with respect to the NLO /P potential, the N2LO potential depends at most
on the eight additional LECs appearing in Eqs. (18)-(22). To get an idea of the sizes of the new
LECs we apply naive dimensional analysis to obtain
hvi ∼ Λχ h(2)pi ∼ Λχ hm ∼ hpipii ∼ ∆pi ∼
hpi
Λχ
∼ Ci
Λχ
∼ O(GFFpi) . (23)
We now turn to the actual calculation of the N2LO potential starting with corrections to the
OPE potential.
3.2 One-pion-exchange corrections
At higher orders in the chiral expansion, the OPE potential in Eq. (2) might need to be extended
or adjusted. Let us first consider OPE diagrams involving the subleading /P piN vertices in
Eq. (18) and the LO P -even piN vertex. The sum of these diagrams gives rise to the following
potential
V (q) = − gA
2Fpi
{[(
hv0 +
1
3
hv2
)
~τ1 · ~τ2 + hv1
(~τ1 + ~τ2)
3
2
+
hv2
3
(3τ31 τ
3
2 − ~τ1 · ~τ2)
]
×(~σ1 + ~σ2) · ~q + hv1
(~τ1 − ~τ2)3
2
(~σ1 − ~σ2) · ~q
}
q0
m2pi + q
2
, (24)
where q0 is the energy of the exchanged pion. Since8 q0 ∼ q2/mN ∼ O(q3/Λ2χ) and hpi/hvi ∼
O(1/Λχ) the above terms appear at N2LO. However, it is not hard to see that all these terms
8Here, we follow Ref. [41] and count an inverse power of mN as two inverse powers of Λχ, that is 1/mN ∼ k/Λ2χ
where k is the typical momentum scale in the process.
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Figure 2: Diagrams contributing to the /P NN potential at N2LO and containing the three-pion
vertex (denoted by the square) in Eq. (22). Solid and dashed lines denote, respectively, nucleon
and pion propagators while circles represent LO P -even vertices.
induce transitions in which the total spin and total isospin of the nucleon pair either both stay
the same or both change. Since a /P transition simultaneously requires a change of the angular
momentum by one unit, the Pauli principle ensures that Eq. (24) vanishes when acting between
two nucleons. In what follows, we only list the non-vanishing contributions.
Let us now consider the vertices in Eq. (19). They lead to the following OPE potential
V (q) = − gA
4FpimN
{[(
hv0 +
1
3
hv2
)
~τ1 · ~τ2 + hv1
(~τ1 + ~τ2)
3
2
+
hv2
3
(3τ31 τ
3
2 − ~τ1 · ~τ2)
]
×(~σ1 − ~σ2) · ~q + hv1
(~τ1 − ~τ2)3
2
(~σ1 + ~σ2) · ~q
}
~p 2 − ~p ′2
m2pi + q
2
, (25)
which appears at N2LO and does not automatically vanish.
Next we consider the operators in Eq. (20), which add the following terms
V = − gA
2
√
2Fpi
i(~τ1 × ~τ2)3
(
q2h(2)pi +m
2
pihm
) (~σ1 + ~σ2) · ~q
m2pi + q
2
= − gA
2
√
2Fpi
i(~τ1 × ~τ2)3
(
h(2)pi +
m2pi(hm − h(2)pi )
m2pi + q
2
)
(~σ1 + ~σ2) · ~q . (26)
A comparison with Eqs. (2) and (3) shows that the above terms can be absorbed into hpi and
C4
hpi → hpi +m2pi(hm − h(2)pi ) ,
C4
2FpiΛ2χ
→ C4
2FpiΛ2χ
− gAh
(2)
pi
2
√
2Fpi
. (27)
As a consequence the LECs in Eq. (20) do not appear independently in the N2LO /P potential.
Apart from the above corrections to the potential, we need to consider one-loop corrections to
the /P pion-nucleon interaction. Most diagrams have been calculated up to N2LO in Refs. [43, 27]
where it was concluded that all corrections can be absorbed into the LO coupling hpi. We have
checked this calculation and found the same conclusion. The three-pion vertices in Eq. (22)
were not considered before and could lead to a N2LO contribution to the /P potential via the
diagrams in Fig. 2. However, these diagrams vanish such that ∆pi plays no role in the N
2LO
potential.
So far, we have considered corrections to the /P piN vertex. In addition, we must consider
OPE diagrams which include corrections to the P -even piN vertex in combination with hpi. The
subleading piN vertex proportional to gA/mN gives a correction to the /P potential proportional
to hpi(v ·q/mN ) ∼ hpi(q2/m2N ) ∼ hpi(q4/Λ4χ) and thus appears at N3LO. Corrections proportional
to the quark masses can be absorbed into gA (which we have already done by using gA = 1.29),
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Figure 3: Diagrams contributing to the /P NN potential at N2LO. The squares denote LO /P
vertices, while circled circles and squares denote subleading vertices. The other notation is as
in Fig. 2.
while operators with additional derivatives acting on the pion can, as in Eq. (27), be absorbed
into hpi and C4.
Finally, we consider isospin-breaking corrections. The most important corrections are due
to the pion-mass splitting. Because in the LO potential only the exchange of charged pions
contributes, we already take these corrections into account by using mpi = 139.57 MeV. In TPE
and higher-order OPE diagrams the neutral pion also propagates, but the error made in using
the charged-pion mass is of higher order than considered here. The same holds for the effects
of the nucleon-mass splitting in TPE diagrams [41]. In principle isospin-breaking P -even piN
couplings (see Ref. [44]) in combination with hpi would appear in the OPE potential at N
2LO.
However, such diagrams vanish because the isospin-breaking P -even vertices couple only neutral
pions while the LO /P vertex only couples charged pions.
We conclude that, apart from renormalization of LO LECs, the only corrections to the OPE
potential are those in Eq. (25). Naively one might think that this potential should vanish in
nucleon-nucleon scattering since it is proportional to ~p 2 − ~p ′2 which is zero on-shell. However,
the potential needs to be inserted into the Lippmann-Schwinger equation whose solution also
depends on the off-shell potential. Nevertheless, the contributions from Eq. (25) turn out to be
small compared to the N2LO TPE contributions calculated in the next section. We discuss this
in more detail in Sect. 3.5.
3.3 Two-pion-exchange corrections
At N2LO we need to take into account TPE diagrams which, apart from LO vertices, include
one of the subleading interactions in Eqs. (17), (18), or (21). The interactions in Eq. (19)
and (20) only appear at higher orders in TPE diagrams. The possible topologies of the N2LO
TPE diagrams are shown in Fig. 3 where the circled circles and squares denote, respectively,
subleading P -even and -odd vertices.
The diagram in the first row of Fig. 3 contains one of the subleading P -even pipiN interactions
in Eq. (17). In fact, most of these diagrams vanish and only an insertion of c4 gives a non-
vanishing result
V (q,ΛS) =
gAhpi
2
√
2Fpi
pic4
(4piFpi)2
(~τ1 + ~τ2)
3i(~σ1 × ~σ2) · ~q F (q,ΛS) , (28)
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in terms of the spectrally regularized loop function
F (q,ΛS) =
ω2
q
arctan
qΛS − 2qmpi
q2 + 2mpiΛS
. (29)
The result in Eq. (28) is enhanced by a factor pi over the power-counting expectation. Combined
with the fact that c4 = 3.4 GeV
−1 [41, 45] is somewhat larger than might be expected (due
to underlying ∆- and ρ-resonance contributions [46]), the contribution in Eq. (28) could be
significant. We investigate this in more detail in the next section, where we investigate its
effects on /P pp scattering.
Next we consider the diagrams in the second row of Fig. 3 which are due to an insertion of
the subleading /P piNN or pipiNN vertices in Eqs. (18) and (21). It turns out the total result
can be written in rather compact form
V (q,ΛS) =
gA
4Fpi
pi
(4piFpi)2
{[
h¯0 + (~τ1 · ~τ2)h¯′0 +
(~τ1 + ~τ2)
3
2
h¯1 +
~τ1 · ~τ2 − 3τ31 τ32
2
h¯2
]
×i(~σ1 × ~σ2) · ~q + h¯′1 i(~τ1 × ~τ2)3(~σ1 + ~σ2) · ~q
(
1− 2m
2
pi
ω2
)}
F (q,ΛS) , (30)
where we redefined the LECs
h¯0 =
g2A
2
(3hv0 + h
v
2) , h¯
′
0 = g
2
A(h
v
0 +
1
3
hv2) ,
h¯1 =
g2A
2
hv1 − gAhpipi1 , h¯2 =
g2A
3
hv2 + gAh
pipi
2 ,
h¯′1 = −
g2A
2
hv1 . (31)
Actually, only the second and fourth diagram in the second row of Fig. 3 give nonvanishing
contributions as can be inferred from the scaling with g2A and g
3
A of the complete expression. We
conclude that the N2LO TPE potential depends on an additional five combinations of LECs.
3.4 A refit of hpi using part of the N
2LO potential
In order to get a feeling for the importance of the N2LO TPE terms obtained in the previous
section, we investigate the role played by the correction in Eq. (28). The reasons for choosing
this correction are threefold. First, this correction involves no new unknown LECs with respect
to the NLO potential. Secondly, because c4 = 3.4 GeV
−1 is somewhat larger than expected
from dimensional analysis, this term might actually dominate the N2LO potential. Of course,
this last point needs to be verified by a complete extraction of all relevant LECs. Thirdly, the
contribution in Eq. (28) contributes to P violation in pp scattering, a process which has recently
been studied in detail in Ref. [26]. It is straightforward to extend the formalism built there to
include higher-order corrections to the TPE potential.
In Ref. [26] the LECs hpi and C (see Sec. 2.3 for the definition of C) were fitted to the data of
the pp LAP. Because only three data points exist, the uncertainty in the fits was substantial. It
was concluded that the following ranges for the LECs are allowed at the level of a total χ2 = 2.71
(see Fig. 1)
hpi = (1.1± 2) · 10−6 ,
C = (−6.5± 8) · 10−6 , (32)
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Figure 4: Contours of constant χ2 in the hpi − C plane (both in units of 10−6). The left plot
shows contours of total χ2 = 1, 2, 3, 4 for the NLO potential (blue contours) (χ2min ' 0.75 for 1
d.o.f.) and the extended NLO potential (red contours) (χ2min ' 0.7 for 1 d.o.f.), while the right
plot shows contours of total χ2 = 2.71 (χ2min between 0.5 and 1.2 for 1 d.o.f. depending on the
cut-off combination) for three different cut-off combinations and the extended NLO potential.
with the LECs strongly correlated. The error is dominated by the lack of data points and
the significant experimental uncertainties in the existing points. The theoretical uncertainty,
estimated by varying the cut-off parameters, only plays a minor role. Similar conclusions were
found in Ref. [27].
We now repeat the analysis of Ref. [26] (and refer the reader there for all details), but add
to the potential the N2LO correction in Eq. (28). Since this term involves no new LECs,
the extraction of the LECs works in exactly the same way. We find that, with the additional
correction, the fit is improved by a small margin, but this does not provide too much information
because the NLO fit was already very good. More interesting is how the additional correction
affects the extraction of the LECs. In the left panel of Fig. 4, we plot contours of constant total
χ2 = 1, 2, 3, 4 using one particular cut-off combination (the spectral function cut-off was chosen
as ΛS = 600 MeV while the cut-off appearing in the Lippmann-Schwinger equation was taken
as ΛLS = 550 MeV, see Ref. [26]). The blue and red contours are associated with the NLO
potential and the NLO potential supplemented by Eq. (28), respectively. The N2LO correction
does not affect the values of the LECs by a large amount and the contours mostly overlap. This
indicates that the power counting is working well (although it must be stressed that we did not
analyze the full N2LO potential).
In the right panel of Fig. 4 we plot contours of a constant χ2 = 2.71 for three cut-off combi-
nations [26]. From this plot we obtain the following allowed ranges for the LECs
hpi = (0.8± 1.5) · 10−6 ,
C = (−5.5± 7) · 10−6 . (33)
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Figure 5: Contributions to the integrated analyzing power in pp scattering (angular range 23◦−
52◦ see Ref. [26]) in units of Λχ h¯pp as a function of lab energy. The red (dashed) and blue
(solid) lines denote, respectively, N2LO OPE and TPE contributions from Eq. (34).
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Figure 6: Similar as Fig. 5. The blue (solid) line denotes N2LO TPE contributions from Eq. (34),
while the red (dashed) and brown (dotted) lines denote contributions from, respectively, the NLO
and N2LO TPE terms in Eqs. (5) and (28). The right panel is the same but the red (dashed)
and brown (dotted) line are suppressed by a factor 20, see text.
The new fit values are approximately 20% smaller than Eq. (32), but fall within the error
margins. It should be mentioned again that the pp LAP does not depend on the LO /P potential
in Eq. (2). This implies that the effects of the N2LO correction on observables where the LO
potential does contribute will be smaller than 20%.
3.5 The remaining corrections
The next step is the discussion of the remaining N2LO corrections. These consist of the OPE
terms in Eq. (25) and the TPE terms in Eq. (30). We study them by calculating their con-
tributions to the pp LAP. In the case of pp scattering, the N2LO potential depends on two
combinations of LECs
VOPE = h¯
pp
OPE
(
gA
4FpimN
)
(~σ1 − ~σ2) · ~q ~p
2 − ~p ′2
m2pi + ~q
2
,
VTPE = h¯
pp
TPE
(
gA
4Fpi
pi
(4piFpi)2
)
i(~σ1 × ~σ2) · ~q F (q,ΛS) , (34)
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in terms of the couplings
h¯ppOPE = −(hv0 + hv1 + hv2) , h¯ppTPE =
gA
2
[gA(5h
v
0 + h
v
1 + h
v
2)− 2(hpipi1 + hpipi2 )] . (35)
In principle these two couplings are independent, but they are expected to be of the same order
of magnitude. In order to study the relative sizes of the two terms in Eq. (34) we therefore
assume h¯ppOPE = h¯
pp
TPE ≡ h¯pp. In Fig. 5 we show the contributions to the integrated pp LAP
as a function of lab energy. It is clear that the OPE corrections are significantly smaller than
the TPE corrections over the whole relevant energy range (the pp LAP has been measured at
13.6, 45, and 221 MeV) apart from a small region around 150 MeV where both contributions
are very small. The suppression of the OPE corrections might be due to the dependence on
~p 2 − ~p ′ 2 which vanishes on-shell. We conclude that to good approximation we can neglect the
N2LO OPE corrections and only consider the N2LO TPE terms.
We then need to investigate the size of the TPE corrections in Eq. (34) with respect to the
NLO TPE potential in Eq. (5) and its correction in Eq. (28). The latter two depend on h¯pi which
is expected to scale roughly as hpi ∼ Λ¯χ hppTPE (see Eq. (23)). In the left panel of Fig. 6 we show
the contributions to the pp LAP from the three different terms using exactly this scaling. From
the plot it becomes clear that if hpi and h¯
pp
TPE are naturally sized, the NLO potential completely
dominates while the N2LO term proportional to hpic4 gives a 20% correction (in agreement with
the results in Sec. 3.4). The remaining N2LO correction is smaller by a factor 2
√
2c4Λχ ' 10
than the hpic4 correction and therefore negligible.
This would be the scenario if all LECs are of the expected size. However, theory and ex-
periments indicate that hpi might actually be an order of magnitude smaller than expected
from dimensional analysis. In the right panel of Fig. 6 we therefore show the results if we use
hpi = h¯
pp
TPE × (1 GeV)/20. In this case, the TPE corrections from Eq. (34) are of similar size as
the NLO TPE corrections. This indicates that the N2LO corrections can become relevant if it
turns out that |hpi| . 10−7.
We can study this in a bit more detail by choosing hpi = 1 · 10−7 (the lattice value [34])
and fitting C and h¯ppTPE to the pp LAP data. In Fig. 7 we show contours of a constant total
χ2 = 1, 2, 3, 4 in the C-h¯ppTPE plane. The range for C is similar to the range obtained in Eq. (33),
and the best fit for the N2LO LEC is h¯ppTPE ' 2.4 · 10−5 GeV−1.
Such a value of h¯ppTPE would be problematic. First of all, at such a large value the contributions
from the NLO and N2LO potential are of the same size. That is, the chiral expansion breaks
down due to the unnaturally large size of h¯ppTPE. This can also be seen by comparing the best
fit value to the dimensional estimate in Eq. (23) which predicts h¯ppTPE ' 1 · 10−6 GeV−1. Of
course, such a dimensional estimate is not very precise and dimensionless factors9 could shift
the expectations. Nevertheless, it is not expected that the LECs are larger than, say, a factor
10 than dimensional analysis suggests. The dashed horizontal lines in Fig. 7 denote this bound.
If h¯ppTPE takes on a value within the bounded region, the N
2LO corrections are at most 40% of
the NLO contributions which is of the expected size. This would imply
hpi = 1 · 10−7 , C = (−3.5± 1.5) · 10−6 , h¯ppTPE = (0± 1) · 10−5 GeV−1 , (36)
and there is not enough data to make a more precise statement regarding the size of h¯ppTPE.
If hpi takes on such a small value, the contributions proportional to hpi are about 10% of the
contributions proportional to C.
9Note, for example, the factor 5g2A/4 ' 4 appearing in the expression of h¯ppTPE in Eq. (35).
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Figure 7: Contours of total χ2 = 1, 2, 3, 4 (χ2min ' 0.6 for 1 d.o.f.) in the C-h¯ppTPE plane (C
in units of 10−6 and h¯ppTPE in 10
−6 GeV−1). The dashed lines indicate a bound on h¯ppTPE from
dimensional analysis and the perturbativeness of the chiral expansion.
Although the above considerations where to some extend based on dimensional arguments
which are unreliable, we can still draw a number of conclusions. First of all, the N2LO OPE
corrections are most likely much smaller than N2LO TPE corrections as indicated by Fig. 6.
Secondly, unless hpi is very small (or the N
2LO LECs are very big), the N2LO TPE corrections
are dominated by terms proportional to hpi which can be seen by comparing the blue (solid)
and brown (dotted) lines in the left-panel of Fig. 6. This would imply that the dominant part
of the N2LO potential contains no new LECs. Finally, if it turns out that |hpi| . 10−7, N2LO
corrections proportional to new LECs might need to be included. However, in this case the
contact terms dominate the potential and the N2LO LECs need to be larger than expected by
dimensional analysis in order to play a noticeable role.
Only additional data on /P hadronic processes can tell us which of the above scenarios is
realized in nature. Nevertheless, for now it seems safe10 to neglect the N2LO corrections when
describing hadronic P violation. A possible exception is the correction in Eq. (28) which,
however, brings in no new LECs. This means that the potential still depends on a total of
six LECs consisting of hpi and five contact terms. If future data cannot be described in terms
of these six LECs, the remaining N2LO corrections calculated in this work might need to be
included.
4 Conclusions
Most studies of hadronic flavor-conserving P violation have used the one-meson exchange model
of Ref. [15] to describe the available data. In this so-called DDH model hadronic P violation
10As has been said before, the pp LAP is somewhat special since the LO /P potential does not contribute. In
more general processes where it does contribute, the N2LO corrections are expected to be even less important.
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is described in terms of seven meson-nucleon coupling constants. Starting with the work of
Ref. [19], a more systematic approach based on chiral symmetry considerations has been in-
vestigated as well. This has lead to a derivation of the /P chiral NN potential [23, 25, 24] up
to next-to-leading order. This potential consists of six LECs consisting of the pion-nucleon
vertex hpi and five NN contact terms. The pion-nucleon vertex not only gives rise to a one-pion-
exchange potential, which appears in the DDH model as well, but also to two-pion-exchange
contributions with a nontrivial dependence on the exchanged momentum.
It is useful to compare calculations of hadronic /P processes between the different frameworks.
In this work we have used resonance saturation techniques [37, 38] to construct a dictionary
between parameters appearing in the DDH and chiral potentials. The contact interactions
appearing in the latter are described by the single exchange of a ρ- or ω-meson in the DDH
model. However, care must be taken for the two-pion-exchange contributions appearing in the
chiral potential. We have derived explicit relations which take this subtlety into account. We
have used these relations to predict the values of the contact LECs Ci using model calculations
of the DDH parameters. We find that the predictions of the Ci are of natural size.
In addition, we have compared calculations of the proton-proton longitudinal analyzing power
in both approaches [40, 13, 26]. The relations obtained in this work can be used to translate the
extracted DDH parameters into the two relevant LECs (hpi and C). We have shown, see Fig. 1,
that the two approaches give consistent results. Nevertheless, we stress that the chiral approach
has certain advantages over the DDH model. In particular, the former can be systematically
extended to other processes (e.g. electromagnetic processes) and higher-order corrections can
be calculated.
Motivated by the possible smallness of the leading-order pion-nucleon coupling hpi, we have
calculated and investigated next-to-next-to-leading-order (N2LO) corrections to the /P NN po-
tential. We have applied the same power counting as used for the successful construction of
the P -even potential [41]. In total, the N2LO one- and two-pion-exchange-corrections depend
on five new LECs, in addition to a two-pion-exchange correction proportional to hpic4, where
c4 ' 3.4 GeV−1 is a strong correction to the two-pion-nucleon vertex.
Because c4 is rather large, we have first investigated the impact of the hpic4-correction on pp
scattering. In Sect. 3.4, we have extracted new values for the LECs hpi and C taking the new
correction into account. We find that the extraction is affected by approximately 20% consistent
with the power-counting expectations. The new values are
hpi = (0.8± 1.5) · 10−6 ,
C = (−5.5± 7) · 10−6 ,
and fall within the error margins of the NLO extraction of Ref. [26]. We conclude that the
power counting is working satisfactorily. The error margins are completely dominated by the
lack of data. The theoretical uncertainty due to varying the cut-off parameters and missing
higher-order effects is only roughly 10% − 20% of the experimental one, see Sects. 3.4 and 3.5
and Ref. [26] for more details.
In the next step we have investigated the impact of the remaining N2LO corrections which
depend on new, unknown LECs. In particular, the pp longitudinal analyzing power depends on
two combinations of new LECs: h¯ppOPE (due to one-pion exchange) and h¯
pp
TPE (due to two-pion
exchange). By assuming h¯ppOPE and h¯
pp
TPE to be of similar size, we show that the OPE corrections
can be safely neglected since they are significantly smaller than the TPE corrections, possibly
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due to the momentum dependence of the former. In addition, a calculation of the pp longitudinal
analyzing power shows that unless hpi is highly suppressed, the N
2LO hpic4-correction dominates
the h¯ppTPE terms. We conclude that only if |hpi| . 10−7, the h¯ppTPE should be included in the
analysis.
In summary, we have investigated the parity-violating nucleon-nucleon potential. We have
derived relations between the six LECs appearing in the next-to-leading-order potential to the
seven parameters appearing in the DDH one-meson exchange potential. In addition, we have
calculated, for the first time, the next-to-next-to-leading-order corrections to the parity-odd
potential. We conclude that, unless the leading order weak pion-nucleon vertex is highly sup-
pressed, the next-to-next-to-leading-order corrections can be neglected. More data is needed in
order to make firmer statements. If future experimental results cannot be described by the six
LECs in the NLO potential, the higher-order corrections calculated here should be included in
the analysis.
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A Resonance saturation relations
The relations between the chiral NLO LECs hpi and Ci for S ↔ P transitions are given in
Eqs. (10) and (11). Here we give similar relations for the P ↔ D transitions. Since both the LO
chiral potential and the DDH potential contain the OPE contribution in Eq. (2), OPE terms
are not included in the relations below. If a regulator function is applied to the OPE potential
in the DDH framework, the relations below should be modified accordingly.
In contrast to the DDH potential in Eq. (7), the NLO TPE potential in Eq. (5) does not
contribute to all P ↔ D transitions. The non-vanishing transitions are the 3P2 ↔ 1D2 transition
for mt = ±1 (mt is the third component of the total isospin of the interacting nucleon pair)
while for mt = 0 the chiral potential does not contribute. This gives the following relation
mt g
3
Ahpi√
2Fpi(4piFpi)2m2pi
s3
Λ3S
∼ −3
mN
[
gωχS
m4ω
(h0ω +mth
1
ω)c
′
ω +
gρχV
m4ρ
(
h0ρ +mth
1
ρ − (2− 3m2t )
h2ρ√
6
)
c′ρ
]
,
(37)
where c′ρ,ω is defined in Eq. (15). Both potentials contribute to 3P1 ↔ 3D1 and 3P2 ↔ 3D2
transitions
gAhpi
4
√
2Fpi(4piFpi)2m2pi
s
[
Λ2S − 4m2pi + g2A(8m2pi − 5Λ2S)
]
Λ3S
∼ −3
mN
[
gρ
m4ρ
(h1ρ + h
1′
ρ )c
′
ρ −
gω
m4ω
h1ωc
′
ω
]
. (38)
The 1P1 ↔ 3D1 transition does not get a TPE contribution such that
0 ∼ gω
m4ω
h0ωc
′
ω(2 + χS)−
3gρ
m4ρ
h0ρc
′
ρ(2 + χV ). (39)
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It is clear that the P ↔ D transitions are much more constrained in the NLO chiral potential
where they only depend on a single LEC, compared to the DDH model in which the transitions
depend on five different combinations of parameters.
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